The state of vanadium ions in VxOy/SBA-15 (2.7 wt % V) was studied with FTIR spectroscopy using CO and NO as probe molecules. Neither CO (at 85 K) nor NO (at RT) adsorb on the oxidized sample because of the coordinative saturation of V 5+ ions and the covalent character of the 
CO and NO on the reduced sample the formation of surface mixed carbonyl-nitrosyls (2108 and 1723 cm-1) was observed for the first time.
Introduction
Vanadium-containing catalysts are used in a large number of heterogeneous catalytic reactions such as oxidative dehydrogenation of alkanes, [1] [2] [3] [4] oxidation of aromatic hydrocarbons, 5, 6 and selective catalytic reduction of nitrogen oxides. 7, 8 According to the literature, the catalytic behavior of vanadium catalysts strongly depends on (i) the content and respective distribution of vanadium species, [9] [10] [11] (ii) the oxidation state of vanadium, 12 and (iii) the support material. [13] [14] [15] [16] Several studies have reported a correlation between the oxidation state of vanadium and its reactivity behavior. 12, 17 From this point of view, it is important to have detailed knowledge of the redox properties of the respective catalysts. One of the most established techniques for determining the nature of cationic sites that are accessible for adsorption is the FTIR spectroscopy of adsorbed CO. 18, 19 On the basis of previous studies 17, 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] on supported vanadia, the main criteria for distinguishing different vanadium oxidation states are (i) the frequency of the absorption bands and (ii) the stability of the respective adsorbate complexes. It has been shown that V 5+ ions do not form carbonyl complexes due to their coordinative saturation and the covalent character of the VdObond. 17, 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] V 4+ ions form only ó-bonds with CO molecules. As a result, the corresponding carbonyls absorb in the spectral range of 2212-2180 cm -1 and are characterized by very low stability. 17, 18, [24] [25] [26] A decrease in the positive charge of the vanadium ions, which is equivalent to an increase in population of the d-orbitals, leads to higher contributions of ð-bonding between the vanadium ions and the adsorbed CO molecules.18 Therefore, V 3+ ions can form weak ð-bonds with CO molecules, and the respective carbonyls appear at lower frequencies (2197-2174 cm -1 ). 17, 18, 20, 21 In contrast, V 2+ ions have a smaller charge and a higher d-electron density, and hence they form strong ð-bonds with CO molecules. The respective V 2+- CO complexes absorb at about 2150 cm -1 and are characterized by very high stability. 18 Summarizing, these results show that CO is a good probe molecule for determination of the oxidation state, but not the coordination state of surface vanadium ions. Previous studies on NO adsorption on supported vanadia have shown that both V 4+ and V 3+ ions can form dinitrosyls, 17, [29] [30] [31] [32] and it was concluded that NO is a better probe molecule for determining the coordination state of vanadium sites. 29 For a detailed understanding of catalyst properties, the use of materials with well-defined structure is necessary. Proceeding in this direction, we have studied a model catalyst consisting of highly dispersed vanadia supported on the inner surface of the mesoporous matrix of silica SBA-15.
33,34 SBA-15 is a promising new support material as (i) it possesses a well-defined structure based on the presence of uniform hexagonally arrayed channels and a narrow pore size distribution, 35 (ii) its large internal surface area (>800 m 2 /g) allows for the dispersion of a high number of catalytically active sites, 33 and (iii) its thick framework walls (3.1-6.4 nm) provide considerable hydrothermal stability, which exceeds those of the thinner-walled MCM-41 materials. Only recently, we have demonstrated the excellent performance of this catalyst system in methanol oxidation to formaldehyde and in propane oxidation to acrylic acid. 36, 37 Although of great potential for catalytic applications, there have been only few reports on the preparation and reactivity behavior of SBA-15-supported vanadia catalysts.
38-41
The goal of this work was to investigate the state and redox properties of highly dispersed vanadia supported on mesoporous SBA-15.Weused FTIR spectroscopy and CO as a probe molecule to determine the oxidation state of the vanadium sites after different pretreatments of the sample. The coordination state of these sites was studied by adsorption of NO. To obtain more detailed information about the properties of vanadium, we investigated also the coadsorption of (i) NO + O 2 and (ii) CO + NO.
Experimental Section

Reagents and Materials.
Carbon monoxide and nitrogen monoxide were of 99.997% and 99.5% purity, respectively. Silica SBA-15 was synthesized according to published procedures. 35 Details of the catalyst preparation are described elsewhere. 33 Functionalization of SBA-15 was achieved by stirring 2.5 g of SBA-15 in 100 mL of toluene at 338 K. 42 To this suspension was added 6.5 g of 3-aminopropyltrimethoxysilane (APTMS) with stirring. After stirring for 12 h, the contents were filtered, washed with toluene, and stirred in 150 mL of 0.3 M HCl for 12 h. The contents were filtered again, washed with water, and dried in air overnight. SBA-15-supported vanadia was synthesized using functionalized SBA-15 and butylammonium decavanadate as starting material, which was synthesized according to a previous report. 43 For a 2.7 wt%V/SBA-15 catalyst, 73 mg of butylammonium decavanadate was added to a suspension of 1 g of functionalized SBA-15 in 40 mL of water. The contents were stirred for 12 h, filtered, washed with water, and dried in air. The resulting orange powder was calcined at 550 °C for 12 h.
Instrumental Methods.
Physical Characterization.
The vanadium content of theVxOy/SBA-15 samples was determined by atomic absorption spectroscopy (AAS). The surface areas of the prepared samples were 826 and 445 m 2 /g for SBA-15 and VxOy/ SBA-15, respectively.
They were measured by nitrogen adsorption/ desorption isotherms and standard multipointBETanalysis methods.
For details see refs 33 and 36.
FTIR Spectroscopy.
The FTIR measurements were carried out using a Perkin-Elmer S 2000 spectrometer with a resolution of 4 cm -1 and an accumulation of 32 scans. Self-supporting wafers were obtained by pressing the powdery sample under a pressure of 10 4 kPa. The sample was treated directly in the IR cell connected to a vacuum apparatus with a residual pressure of about 10 -7 kPa. Prior to the adsorption measurements, the sample was evacuated at 673 K for 1 h. For reduction, the samples were heated in 50 kPa H 2 at 573 and 673 K, respectively, for 1 h and then evacuated at the same temperature. For low-temperature CO adsorption, the sample was cooled to 85 K with liquid nitrogen. The evacuated cell with CaF 2 windows was used to generate a background spectrum. Presented are difference spectra obtained through subtraction of the spectrum of the treated sample in vacuum from the spectrum in presence of the probe.
X-ray Photoelectron Spectroscopy.
The measurements were carried out using a modified LHS/SPECS EA200 MCD system equipped with a Mg Kα source (1253.6 eV, 168 W). The binding energy scale of the system was calibrated using Au 4f 7/2 ) 84.0 eV and Cu 2p 3/2 ) 932.67 eV from foil samples. The powder samples were placed as-is in a stainless steel sample holder with a 0.6 mm deep rectangular well covering an area of (12x8) mm 2 . The base pressure of the ultrahigh vacuum chamber was 1x10 -11 kPa. Charging of the powder samples was accounted for by setting the peak of the Si 2p signal to 103.6 eV. 44 Further data reduction included satellite removal and subtraction of a Shirley background. Quantitative data analysis was performed on the basis of peak areas by fitting with 30/70 Gauss-Lorentz product functions. Samples were treated in 20 kPa H 2 for 60 min at temperatures within 298-688 K and subsequently transferred to the analysis chamber without exposure to air (quasi in situ).
Results
FTIR SpectroscopysSpectrum of Activated
Sample. Low-temperature CO adsorption on an activated sample results in the appearance of three bands with maxima at 2157, 2139, and 2110 cm -1 ( Figure 1 , spectrum a). Simultaneously with the formation of these bands, the band of the silanol groups at 3742 cm -1 decreases in intensity and a new band with a maximum at 3641cm -1 forms in the spectrum ( Figure 1 , spectrum a). Detailed analysis of the spectra reveals an isosbestic point at 3693 cm -1 between the band of the silanol group and the new band, which proves the interconversion of these two OH-species. uted to ν (O-H) and ν (C-O) stretching modes of the respective OH-CO species that are formed through interaction of CO with silanol groups of the SBA-15 support. 18 The value of the ∆ν OH shift (≈-100 cm
) is comparable with the respective shift for the silanol groups of SiO 2 (∆ν OH ≈ -90 cm ) reported in the literature. 18 It follows that the acidity of the respective silanol groups is not influenced by the bulk structure but depends only on the chemical composition of the support. The bands at 2139 and 2110 cm -1 are assigned to physically adsorbed CO and H-bonded 13 CO, respectively. 18 A summary of the observed bands and their assignment is given in Table 1 . 
Low-Temperature CO Adsorption on Reduced V x O y /SBA-15.
Initially the sample was treated with H 2 (50 kPa equilibrium pressure) at 573 K and then evacuated at the same temperature. The spectra that were registered after lowtemperature CO adsorption of thus-treated samples are comparable to those obtained after activation in vacuum (not shown). Hence, no significant reduction of vanadium occurs under these conditions.
The situation is different after exposure of the sample to H 2 at 673 K and evacuation at the same temperature. Lowtemperature CO adsorption on the reduced sample results in the appearance of bands with maxima at 2187, 2156, 2138, and 2110 cm -1 ( Figure 2 , spectrum a). The bands at 2156 and 2138 cm -1 were observed after CO adsorption on the activated sample and are assigned to ν(C-O) stretching modes of H-bonded and physically adsorbed CO, respectively. 18 Upon evacuation at low temperature, all bands in the spectrum start to decrease in intensity ( Figure  2 , spectrum a). The most stable band in the spectra is the one at 2187 cm
. This band was not detected in the spectra recorded after CO adsorption on vacuum-activated VxOy/SBA-15 or SBA-15 treated with H 2 under the same conditions and, hence, arise from vanadium carbonyls. A more detailed analysis of the behavior of these species reveals a slight blue shift of the band at 2187 cm -1 with decreasing coverage ( Figure 2 ; see inset). This trend could be explained with the so-called static effect, which is typical for oxide-supported samples and indicates that a fraction of the vanadium sites is associated. 18 However, this still leaves the question about the oxidation state of these vanadium sites open. One of the most frequently used criteria for the determination of the oxidation state of vanadium ions, besides the frequencies of the registered bands, is the stability of these carbonyls. With increasing temperature in dynamic vacuum, the intensity of this band starts to decrease ( The temperature-dependent changes in the reduction behavior as well as the above assignment of the oxidation state are supported by XPS data. Figure 4 shows XP spectra of VxOy/SBA-15 after H 2 treatment at 298-688 K together with the results of the peakfitting procedure. For analysis, the spectra were fit with three peaks using binding energies typical for vanadium species that are interacting strongly with silica (518.7 eV), vanadium species as part of extended VxOy aggregates such as in V 2 O 5 (517.3 eV), and reduced vanadia (V 3+ ) species (515.9 eV). 47, 48 The fwhm was held constant at 2.4 eV. The results of the peak-fitting analysis are summarized in Table 2 . Figure 4 shows an increase in the amount of V 3+ with increasing temperature, which amounts to 50% after H 2 treatment at 688 K. Besides the increasing degree of reduction, an increase in the intensity ratio of the peaks at 518.7 and 517.3 eV is observed, which is a result of changes in the oxidation state distribution of vanadia upon H 2 treatment and will be discussed in detail in a forthcoming publication.
Further inspection of the IR spectra shows that the band at 2187 cm 
Reoxidation of the Sample with O 2 85 K.
The sample was initially reduced with H 2 (50 kPa equilibrium pressure) at 673 K and then evacuated at the same temperature. After adsorption of small amounts of CO (0.0004 kPa equilibrium pressure) at 85 K only the band at 2189 cm-1 due to V 3+-CO carbonyls was detected CO species overlap. 18, 20 One possibility to elucidate the vanadium oxidation state is to evaluate the stability of these carbonyl complexes. From Figure 6 it can be seen that upon evacuation at 85 K the bands at 2202 and 2190 cm -1 start to decrease in intensity and finally disappear completely. The low stability of these complexes shows that the bonds between the respective vanadium sites and CO molecules have mainly ó-character. 17, 18, 20 These vanadium sites are in a higher oxidation state than V 3+ ions because our investigations of the stability of V 3+-CO carbonyls show that these complexes decompose only upon evacuation at 373 K, which is an indication of the synergism between ó-and ð-components in the V3+-C bond. 17, 18, [20] [21] [22] On the basis of the different stability of the corresponding vanadium carbonyls we can assign the bands at 2202 and 2190 cm -1 to two different types of V 4+-CO species. 17, 18, 20 An additional argument that supports this hypothesis is the lower intensity of these carbonyls in com-parison with the intensity of the bands of the V 3+-CO species. It is well-known 18 that the formation of ð-backdonation increases the polarization of the adsorbed CO molecules. As a result, the intensity of the bands of the respective carbonyls is higher. 
Reoxidation of the Sample with O 2 at 298 K.
The initially reduced sample was exposed to O 2 (10 kPa equilibrium pressure) at 298 K and subsequently the sample was cooled to 85 K. CO adsorption on this sample results in the appearance of bands due to H-bonded and physically adsorbed CO only (spectra not shown). The absence of any bands in the spectrum due to vanadium carbonyls demonstrates that all vanadium ions are completely oxidized to V 5+.
On the basis of the results obtained after reoxidation of the reduced sample, we can conclude that (i) when the reduced sample is in contact with O 2 at low temperature, V 3+ sites are partly oxidized to V 4+ ions with concomitant formation of CO 2 and (ii) contact with O 2 at room temperature leads to complete oxidation of V 3+ ions to V 5+. (Figure 8, spectrum a) . Analysis of the spectra shows that the band at 1759 cm We assign this band to the ν as (NO 2 ) stretching modes of nitro compounds. 32 The evolution of the spectra when the sample was kept in the mixture of NO and O 2 shows mainly two things: (i) the bands due to ν s and ν as of V 3+ (NO) 2 decrease in intensity and disappear much faster than the bands of the respective V 4+ (NO) 2 species ( Figure   8 , spectra b-l) and (ii) simultaneously new bands appear with maxima at 1639 and 1573 cm -1 , which are due to surface nitrates (Figure 8 , spectra c-l). 32 The nature and the symmetry of the NO 3 -species will be discussed later. (NO) 2 species and the surface nitrates are observed ( Figure 8 , spectra k,l). A comparison of the corresponding band intensities shows that under these conditions the main fraction of the vanadium sites is in a +5 state and only a negligible amount of V 4+ ions is present on the surface. The formed nitrates are characterized by very high stability. The bands of these complexes disappeared completely only after evacuation at 573 K (Figure 8 ; see inset, spectra m-p).
Adsorption of NO on
Coadsorption of CO and NO on Reduced V x O y /SBA-15.
The results of the NO adsorption experiments on the reduced sample showed that V 3+ and V 4+ possess two effective coordination vacancies and as a result can form dinitrosyl species. Therefore, it was interesting to investigate the possibility of mixed V 3+/4+
(CO)(NO) complex formation after coadsorption of CO and NO on the reduced VxOy/SBA-15. For this purpose, we investigated both (i) CO + NO and (ii) NO + CO coadsorption.
Coadsorption of CO and NO on Reduced VxOy/SBA-15
CO adsorption (0.5 kPa, equilibrium pressure) on the reduced sample at ambient temperature leads to the appearance of a band at 2187 cm -1 with a low frequency shoulder, both assigned to V 3+-CO carbonyls ( Figure 9 , spectrum a). However, after introduction of NO(0.5 kPa, equilibrium pressure) into the system the following changes in the spectra are observed: (i) in the 2250-2000 cm -1 region the band due to V 3+-CO carbonyls disappears, whereas another lowintensity band with a maximum at 2108 cm -1 appears in the spectrum ( Figure 9 , spectrum b, superimposed gas-phase CO visible due to low intensity). With time the intensity at 2108 cm-1 decreases until the band is barely distinguish able ( Figure 9 , spectra c-f). The appearance of a ν(CO) stretching band at such a low frequency is quite unusual for cationic vanadium and, to the best of our knowledge, has not been reported previously in the literature. As mentioned before, the lowest-frequency bands of cationic vanadium carbonyls are those of V 2+-CO complexes, which absorb typically around 2150 cm -1 . During their investigation of the adsorption properties of vanadium atoms deposited on an ultrathin silica film, Immaraporn et al. 49 detected a band at 2075 cm -1 at CO saturation coverage, which was assigned to V(CO) 3 tricarbonyls. We can expect that the oxidation state of vanadium in our case is either +3 or + 4 because of (i) the existence of the band at 2187 cm -1 due to V 3+-CO species after initial adsorption of CO and (ii) subsequent introduction of NO into the system, which is an oxidizing medium. On the basis of these considerations, we can exclude the possibility that this band is due to carbonyls formed with participation of vanadium atoms. Another possible explanation for the presence of the band at 2108 cm -1 may be that it is not due to "pure" vanadium carbonyls. Taking into account that this band was registered only after coadsorption of CO and NO, we can propose that it could be due to the ν(CO) stretching mode of V 3+/4+
(CO)(NO) mixed complexes, as discussed later.
Simultaneously with the appearance of the band at 2108 cm (NO) 2 dinitrosyls in that region, which are overlapping with the respective band and hindering the interpretation of the spectra. The comparison of the behavior of the bands at 1763 and 1723 cm -1 shows that an isosbestic point is located between them, which is an indication for the interconversion of the respective species ( Figure 9 ; see inset, spectra b,c,k).
Coadsorption of NO and CO on Reduced VxOy/SBA-15.
To investigate the nature of the species that are responsible for the band at 2108 cm-1, additional coadsorption experiments of NO (0.5 kPa, equilibrium pressure) and CO(0.5 kPa, equilibrium pressure) were performed. It can be seen from Figure 10 that after the initial adsorption of NO (0.5 kPa, equilibrium pressure) only bands due to V 4+ (NO) 2 
Discussion
Redox Properties of Vanadium Ions in V x O y /SBA-15
In the initial state after activation in vacuum, no CO or NO complexes were formed at 85K or room temperature, respectively. This observation suggests that vanadium is in a coordinatively saturated +5 state and supports the opinion that V 5+ ions do not form carbonyl or nitrosyl complexes. 17, 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] Unfortunately, we cannot obtain further information about the state of the V 5+ ions because the fundamental vibrations of vanadyl (VdO) groups overlap with support absorptions and the overtones are apparently too weak. The state of the SBA-15-supported vanadia could be altered through reduction and oxidation treatments, and the positions and assignments of the bands observed after CO and NO adsorption are summarized in Table 1 . Criteria for the distinction of carbonyl complexes are (i) stability and (ii) band intensity. The V 4+-CO complexes are decomposed after evacuation at 85 K. The low stability of these complexes indicates that the V 4+ sites coordinate to CO mainly via a ó-bond, 17, 18, 20 which also results in a low intensity of the respective carbonyl bands. The V 3+-CO complexes are stable up to 373 K (Figure 3) . The high stability of these species indicates synergism between ó-and ð-components of the bond between vanadium ions and adsorbed CO molecules. 17, 18, 20 Formation of the ð-component strongly increases the polarization of the CO dipole, and as a result, the respective carbonyls are characterized by more intense bands. 18 The V 5+ sites are not reduced through treating the For applications in partial oxidation catalysis, it is expected that the transfer of oxygen to the substrate is ratelimiting and not the catalyst reoxidation. Indeed, Argyle et al. 50 found that the rate constant for reoxidation of VxOy/Al 2 O 3 catalyst during propane oxidative dehydrogenation is 3-5 times larger than that for the C-H bond activation reduction step. In the light of our data, the release of oxygen, which is tightly bound to the vanadium, will pose a significant activation barrier. Hence, the reason for the slow first step must not be the difficult activation of the substrate. This point can be further elucidated using different reducing agents. . The respective ν 1 mode is Raman-active. 32 However, nitrates coordinated to the surface have lower symmetry (C 2V ). As a result, the respective ν 3 mode splits into two components ν s (NO 2 ) and ν as (NO 2 ) and the ν 3 mode becomes IR-active. The value of the splitting between ν s (NO 2 ) and ν as -(NO 2 ) and the position of the ν 1 mode depend on the (i) symmetry and the (ii) strength of the bond between the nitrates and the surface sites. The splitting between the ν s (NO 2 ) and ν as (NO 2 ) modes of nitrates decreases in the following order: bridged >bidentate > monodentate nitrates. 32 From this point of view, the differences in the position of the ν s (NO 2 ) and ν as -(NO 2 ) related bands of the nitrates could be useful for the determination of the symmetry of the respective nitrates. Unfortunately, in our case the bands due to the ν s (NO 2 ) and ν 1 stretching modes of the nitrates are masked by the intrinsic absorbance of VxOy/SBA-15,hindering the determination of the symmetry of the NO 3 -complexes. However, the symmetry of the nitrates can also be identified solely on the basis of the position of the ν as -(NO 2 ) stretching mode. Miyata et al. 31 , which they assigned to bridged, bidentate, and monodentate species, respectively. These authors 30 believe that the respective nitrato species form after interaction of NO 2 with oxygen from the vanadyl groups. By analogy to these results, we can assign the bands at 1639 and 1573 cm -1 in our spectra to the ν as -(NO 2 ) stretching modes of bridged and bidentate NO 3 -complexes. Importantly, the formation of bridged nitrates points to the presence of associated vanadium surface species (dimmers or polymers) on 2.7 wt % V/SBA-15, i.e., well below the V loading at which V 2 O 5 crystal formation has been observed by Raman spectroscopy (≈9wt%V). 33 These findings are supported by the results of the CO adsorption experiments, as discussed above. 
Coordination State of Vanadium Ions in
Summary
